Abstract Water uptake by black carbon (BC)-containing aerosol was quantified in North American wildfire plumes of varying age (1 to~40 h old) sampled during the SEAC 4 RS mission (2013). A Humidified Dual SP2 (HD-SP2) is used to optically size BC-containing particles under dry and humid conditions from which we extract the hygroscopicity parameter, κ, of materials internally mixed with BC. Instrumental variability and the uncertainty of the technique are briefly discussed. An ensemble average κ of 0.04 is found for the set of plumes sampled, consistent with previous estimates of bulk aerosol hygroscopicity from biomass burning sources. The temporal evolution of κ in the Yosemite Rim Fire plume is explored to constrain the rate of conversion of BC-containing aerosol from hydrophobic to more hydrophilic modes in these emissions. A BC-specific κ increase of~0.06 over 40 h is found, fit well with an exponential curve corresponding to a transition from a κ of 0 to a κ of~0.09 with an e-folding time of 29 h. Although only a few percent of wildfire particles contain BC, a similar κ increase is estimated for bulk aerosol and the measured aerosol composition is used to infer that the observed κ change is driven by a combination of incorporation of ammonium sulfate and oxidation of existing organic materials. Finally, a substantial fraction of wildfire-generated BC-containing aerosol is calculated to be active as cloud condensation nuclei shortly after emission likely indicating efficient wet removal. These results can constrain model treatment of BC from wildfire sources.
Introduction
Black carbon (BC)-containing aerosol is the primary aerosol absorber of short-wave solar radiation in the atmosphere and has a positive climate forcing second only to that of carbon dioxide [Bond et al., 2013] . Despite this importance, the processes governing the lifetime and distribution of BC in the atmosphere remain poorly characterized. Several recent papers have highlighted the difficulty of modeling BC loadings in the remote atmosphere [Schwarz et al., , 2010 Shen et al., 2014; Wang et al., 2014] , which has been attributed, in part, to parameterization of BC removal. The modeled atmospheric lifetime of BC is highly sensitive to uncertainties in both the amount of non-refractory material internally mixed with BC (here referred to generically as "coatings") and interactions of BC-containing aerosol with water in the atmosphere. BC, a refractory material with a vaporization temperature near 4000 K [Moteki and Kondo, 2010] , is chemically inert and insoluble; thus, water uptake by BC-containing particles is driven by the hygroscopicity of internally mixed materials. The presence of coatings on, and water uptake by, BC-containing aerosol can enhance BC light absorption by up to a factor of 1.6, [Moffet and Prather, 2009] resulting in additional uncertainties in calculations of direct radiative forcing.
processing and loss processes. BC produced by controlled fossil fuel combustion is typically fairly small and bare, causing it to be initially hydrophobic [Dusek et al., 2006; Koehler et al., 2009] while becoming more hygroscopic with atmospheric aging due to accumulation of water-active coatings [Petters et al., 2006; Zhang et al., 2008] . In less efficient open combustion sources, on the other hand, BC is coemitted with a wide suite of condensable species generating relatively large BC that is thickly coated shortly after emission [Schwarz et al., 2008] . A few recent studies have investigated factors affecting BC removal rates; Moteki et al. [2012] and Taylor et al. [2014] report size-dependent removal of BC in air parcels that have undergone wet scavenging, and Zhang et al. [2015] infer, based on remote atmosphere comparisons between modeled and measured BC loadings, that the average BC lifetime varies from less than 1 day to more than a week depending on the source region, season, and latitude. Nonetheless, inferred or prescribed rates of BC conversion from hydrophobic to hydrophilic modes in global models vary widely [Cape et al., 2012; Chung and Seinfeld, 2002; Cooke and Wilson, 1996; Samset et al., 2014] and are rarely constrained by direct observation of BC aerosol hygroscopicity. This uncertainty strongly impacts model skill in accurately reproducing the global burden of BC aerosol and the associated radiative impacts [Bond et al., 2013] .
The hygroscopicity of BC-containing aerosol has been measured directly in urban-impacted air masses with two different techniques: first by coupling a Hygroscopic Tandem Differential Mobility Analyzer with a singleparticle soot photometer (SP2) [Liu et al., 2013; McMeeking et al., 2011] and second by sampling mass-selected dry aerosol with a humidified SP2 [Ohata et al., 2016] . Here we report measurements of BC hygroscopicity in wildfire plumes. Since 40% of the global BC burden is produced through open combustion [Bond et al., 2004] , these measurements address a highly important BC source that has not been assessed in previous direct measurements of BC hygroscopicity. As described below, we use a humidified dual single-particle soot photometer (HD-SP2) [Schwarz et al., 2015] , which compares dry and humidified measurements of BC-containing aerosol optical size made with two SP2s and report the observed differences using the hygroscopicity parameter, κ, introduced by Petters and Kreidenweis [2007] .
Methods

Mission Description and Plume Selection Criteria
The SEAC 4 RS mission took place during the summer of 2013, with the NASA DC-8 aircraft carrying the HD-SP2. An overview of the project has been published [Toon et al., 2016] , and the data can be accessed publicly through DOI 10.5067/Aircraft/SEAC4RS/Aerosol-TraceGas-Cloud. Of the 21 total science flights, five included targeted sampling of wildfire plumes and are used in the present analysis. Two flights were dedicated exclusively to characterizing and studying the Yosemite Rim Fire in a semi-Lagrangian manner (i.e., the plume was traced downwind without staying with the same exact air parcel) as described previously [Forrister et al., 2015; Saide et al., 2015] . Wildfire plumes were identified by elevated acetonitrile concentrations (>200 pptv) as well as elevated carbon monoxide (CO) concentrations (available on four of five flights) and/or BC loadings relative to the surrounding air. Acetonitrile was measured using proton transfer mass spectrometry [Wisthaler et al., 2002] , and CO was measured using the Differential Absorption CO measurement (DACOM) tunable diode laser instrument [Sachse et al., 1991 [Sachse et al., , 1987 . A detailed discussion of the BC measurement technique can be found below. The semi-Lagrangian analysis of the Yosemite Rim Fire plume also incorporates observations of bulk aerosol composition, measured using a High-Resolution, Time of Flight, Aerosol Mass Spectrometer (HR ToF AMS, as described in detail in DeCarlo et al. [2006] and Canagaratna et al. [2007] ). Several other measurements of aerosol hygroscopicity were also available, including ratios of bulk aerosol wet-to-dry scattering at 80%, f(RH) 80 , using a humidified nephelometer [Kotchenruther and Hobbs, 1998; Malm et al., 2003] and size-resolved aerosol hygroscopicity measured by the Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP), as described by Sorooshian et al. [2008] . The latter instrument also provided size-resolved real refractive index data at a wavelength of 532 nm [Shingler et al., 2016a] assuming homogeneous spherical particles.
Using the selection criteria above, we identify a total of~5 h of wildfire sampling during research flights that took place on 6, 16, 19, 26, and 27 August 2013. Single-particle BC data from individual plume crossings of less than 10 min in duration were integrated into a single data point, while plume samplings of longer than 10 min (primarily the Yosemite Rim Fire sampling) were analyzed to generate a series of 5 min samples. A total of 65 data points are thus generated, with a minimum integration time of 53 s and a maximum Figure 1 . Data from a few plume crossings was omitted due to poor humidity control in the HD-SP2 (described in detail below) when the humidity of the sample and sheath flows disagreed by more than 2%.
BC Aerosol Methods
The single-particle soot photometer (SP2) is a laser-induced incandescence measurement for single-particle quantification of refractory BC mass, which has been described previously [Schwarz et al., 2008] . Briefly, a high-intensity intracavity laser beam at 1064 nm results in heating of particles containing refractory BC to the BC incandescence temperature (~4000 K). These particles emit thermal radiation, the intensity of which is linearly proportional to the mass of BC contained in the particle. The sensitivity of the SP2 to single-particle BC mass was calibrated using size-selected Fullerene soot (Lot F12S011, Alfa Aesar Inc., Woodhill, MA), the accepted BC reference material for use with the SP2 [Baumgardner et al., 2012] , before, during, and after the mission and the instrument response was stable to within 5%. The SP2, as configured here, detects particles containing between 0.7 and 150 fg of refractory BC material (equivalent to core sizes of~90 to 500 nm volume equivalent diameter assuming a void-free density of 1.8 g/cm 3 ) independent of the presence or amount of coexisting nonrefractory material.
The SP2 also provides optical sizing of individual BC-containing particles through analysis of elastically scattered laser light prior to significant thermal perturbation by the laser, as described by Gao et al. [2007] . A full recounting of the details of this technique is beyond the scope of this manuscript. Suffice it to say that this early scattering signal allows for quantification of nonrefractory material internally mixed with BC, which we refer to here generically as coatings. Coating thickness is calculated from the measured optical size using Mie theory, assuming a spherical core-shell morphology. Ohata et al. [2016] recently evaluated the accuracy of this method using mass-selected internal mixtures of laboratory aerosol. They found that the SP2 scattering estimate of coating thickness agreed with that calculated from the difference between the total particle mass and the BC core mass to within 10% for particles with a total diameter at least 1.5 times the diameter of the core (i.e., thickly coated particles). Although this study used idealized laboratory aerosol, the results indicate that coating thicknesses inferred from SP2-based measurements of optical size are reasonably related to actual coating thickness, especially for thickly coated particles. The assumed index of refraction for BC cores at 1064 nm (2.26, i1.26) is based on ambient BC measured in Tokyo [Moteki and Kondo, 2010] also consistent with observations of a variety of BC sources in Europe reported by Laborde et al. [2012] . The real refractive index assumed for (non-light-absorbing) coating material is 1.54, as reported for SEAC 4 RS wildfire plumes by Shingler et al. [2016a] , which was observed to vary by AE0.02 over the course of an evolving plume. Scattering amplitudes in the SP2 were calibrated using 220 nm polystyrene-latex spheres, which were sampled prior to most flights. The detector gains used here provide optical sizing for particles from~150 to 700 nm.
In the present study, two independent SP2s (one dry and one humidified) were operated in parallel, described further below, to examine water uptake by BC-containing particles. Both instruments subsampled isokinetically from an ambient aerosol stream collected by the NASA Langley aerosol inlet [McNaughton et al., 2007] that was dried immediately following aspiration. The total residence time from the tip of the inlet to detection by the SP2 was~1 s. Transmission efficiency, calculated using equations from Baron and Willeke [2005] , was high for submicron particles dropping to 50% transmission at 2 μm. Both SP2s were run under identical (dry) conditions with no humidification during test flights, and the level of agreement was assessed for BC mass distributions (mass median diameters matched to within 2 nm), BC mass mixing ratios (within 5%), and observed scattering (within 5% in log space) from selected BC core mass ranges (typically a 2 fg "slice" between 3 and 10 fg). BC data were excluded under high aerosol number concentrations (whenever the incidence of coincident particles in the SP2 exceeded a few percent, a function of sample flow, typically occurring when loadings were above about 1000/cm 3 ) because data quality is significantly reduced and retrieval of optical particle sizes needed for this analysis are not possible. Data were also excluded during periods of cloud sampling (identified from a combination of forward camera video feeds and observational evidence of cloud artifacts in aerosol instrumentation) due to known artifacts that arise from impaction of both liquid droplets and ice particles on inlet surfaces .
Measurement of BC-Containing Aerosol Hygroscopicity
The use of two SP2s operating in parallel (the Humidified Dual-SP2 or HD-SP2) allows us to examine water uptake by BC-containing particles on a population basis. During science flights, one SP2 sampled the dried ambient aerosol stream (the "dry SP2") while the other humidified the dried sample stream to a stable relative humidity (typically 90%) prior to measurement (the "wet SP2"). The hygroscopicity of materials internally mixed with BC (BC coatings) is reported in terms of κ, a unitless parameter introduced by Petters and Kreidenweis [2007] , which relates the dry volume of a material to the volume of water that will be taken up by that material at a given humidity. κ values for atmospheric aerosol range from 0 for nonhygroscopic materials (e.g., bare black carbon and some organics) to >1 for highly hygroscopic materials such as H 2 SO 4 or HNO 3 .
Full details of the humidification strategy and data analysis methodology used in the HD-SP2 are provided in Schwarz et al. [2015] . Briefly, we first select a size range of BC "cores" for which both instruments reported an optical size for nearly all BC-containing particles. At small BC core sizes, scattering signals off thinly coated cores are too small to allow retrieval of the total particle optical size; hence, those optical sizes are only retrieved for thickly coated cores, leading to potential analytical bias. At larger core sizes the number concentrations decrease, leading to reduced statistics. Therefore, it is preferable to analyze particles with the smallest BC cores for which we have good optical sizing over the full range of coating thicknesses; here the size range chosen is 4-6 fg (~160-185 nm volume equivalent diameter or VED), near the center of the accumulation mode BC mass distribution for the plumes examined here (shown in Figure S1 in the supporting information). The modal scattering for this selected range of BC masses in the dry instrument is used to calculate the dry coating thickness. The dry coating thickness is then used to calculate theoretical scattering amplitudes at the RH of the wet SP2 for a range of κ (including adjustment of the coating refractive index to account for water uptake), and the reported κ value is that for which the observed wet modal scattering best matches the theoretical wet scattering. Statistical error in individual particle mass determinations (of order Journal of Geophysical Research: Atmospheres 10.1002/2016JD025688 10%) broadens the modal scattering distributions slightly but does not change the center of the distribution and is therefore neglected. Further details regarding the full treatment of the theoretical scattering amplitude calculation as well as a discussion regarding the use of "modal" scattering as opposed to "average" scattering can be found in Schwarz et al. [2015] .
To allow for situations where light scattering observed in the wet SP2 was less than in the dry system (most likely due to statistical uncertainties but potentially also from phenomena not accounted for in the approach outlined above such as core collapse), the range of κ used in the optimization extends below zero (i.e., into a range not associated with physical meaning in the Petters and Kreidenweis model). In this case (which occurred in <20% of the plumes discussed here), the scattering signals of the dry and wet SP2s were simply swapped in the optimization such that a kappa value was calculated as if the humidified distribution had "grown" into the dry distribution and that value is reported as a negative. Schwarz et al. [2015] use theoretical calculations to assess the uncertainty associated with κ values reported for BC coating materials using the HD-SP2 technique. They find that shifting the assumed density of the BC core by 20% (a 6% shift in the BC core diameter) covering one third of the range of BC density estimates presented in Moteki and Kondo [2010] results in an 11% shift in the derived κ value. Similarly, shifting the assumed refractive index of the coating by about one third of the range of expected atmospheric coating indices results in a 17% shift in κ. Finally, they find a 22% uncertainty in κ arising from uncertainties in the performance of the theoretical treatment. Summing these uncertainties in quadrature, they report an overall uncertainty of 30% in κ for BC with thick coatings. Conceptually, it is logical that the uncertainty in κ for materials associated with BC is inversely proportional to the coating thickness because, as coatings become thicker, the BC component is responsible for a smaller fraction of the total particle scatter and the optical behavior of the particle approaches that of a homogeneous material. A graphical representation of this behavior is shown in Figure 4 of Schwarz et al. [2015] which provides a contour plot of wet to dry scattering ratio as a function of coating thickness and κ. For coatings above 40 nm, a given wet to dry scattering ratio provides a very strong constraint on κ with little dependence on the exact coating thickness, especially for κ < 0.2.
In the present work, a larger uncertainty in derived κ arises from the cross calibration of scattering amplitudes in the two SP2s which is critical for proper interpretation of wet-to-dry scatter ratio values. Drift in the relative scattering between the two instruments arises in flight from independent variations in laser power. Thus, it was necessary to apply a small (<5%) adjustment to the wet SP2 scattering, assessed on a flight-by-flight basis in addition to scaling each SP2 according to PSLs in preflight. This adjustment was based on in-flight observations by matching modal scattering from bare BC cores of a given mass in the wet instrument to that observed in the dry SP2 when sampling fresh BC with no evidence of coatings, expected to have minimal hygroscopic growth. Using scattering amplitudes associated with BC cores, after coatings have been removed and just prior to incandescence (the core scattering), we find that the single-flight standard deviation of the wet to dry ratio of modal core scattering from 4 to 6 fg BC particles was less than 2.5% for all flights, and we take this value as our uncertainty in the wet scattering scale factor. A 2.5% cross-calibration uncertainty corresponds to a κ uncertainty of 0.04. Figure 2 shows an example of scattering amplitude distributions observed for 4-6 fg BC cores in the wet (shown in blue) and dry (shown in red) SP2s, from the flight on 6 August, with modal values identified. Modal scattering is calculated in log space due to the exponential relationship between particle size and elastic scattering and to reduce the impact of spurious signals. Although little water uptake is observed 
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(the calculated κ value for this plume is 0.08), this amount of signal is larger than the uncertainty in cross calibrating the scattering in the wet and dry SP2.
Results and Discussion
Aggregate Observations of All Identified Plumes
Figure 3 (top) shows a histogram of dry coating thicknesses observed for 4-6 fg BC cores in all wildfire plumes (of all ages) identified in this work. The wildfire BC was uniformly thickly coated, and the variability in coating thickness between different plumes sampled was relatively small. These particles are 10% BC and 90% coating on a volume basis and~16% BC and 84% coating on a mass basis (assuming void-free densities of 1.8 g/cm 3 and 1 g/cm 3 for BC and coatings, respectively , we would have a mean coating thickness of 115 nm. This is a striking agreement in coating thickness measured for different wildfire plumes of different ages by different SP2s and is in general agreement with shell/core ratios reported by Kondo et al. [2011] for North American and Asian biomass burning plumes. Thus, we see general consistency of BC produced from wildfire in terms of the presence and amount of internally mixed nonrefractory material after initial aging over the first few hours as described by Akagi et al. [2012] . Coating thickness was also examined over a range of BC core masses (shown in Figure S1 ), and little variation is seen, at least over the BC mass range from 150 to 260 nm VED for which we can retrieve modal coating thicknesses with good statistics.
Figure 3 (bottom) shows a histogram of the observed ratio of wet-to-dry modal scattering when the wet SP2 was sampled at 90% RH (functionally equivalent to f(RH) 90 measured at 1064 nm). The mean ratio is 1.02, indicating little water uptake by wildfire BC in aggregate, in general agreement with Shingler et al. [2016b] who report little water uptake for size-selected bulk biomass burning aerosol during SEAC 4 RS. Martin et al. [2013] reported collapse of fractal carbon aggregates in fresh emissions from several combustion sources upon humidification, which would result in a reduction in scattering following humidification. We see little evidence of collapse in the present data set, which we hypothesize to mean that truly "fresh" emissions (minutes of aging) were never sampled due to restrictions imposed by aircraft operations such that any 
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restructuring had already occurred prior to sampling. This hypothesis is supported by the ubiquity of thick coatings in this data set, which is in contrast with laboratory studies of freshly produced biomass burning aerosol. It is possible that restructuring is still occurring and is masked by water uptake, which would introduce a bias to our reported scattering ratios. Figure 4 shows a histogram of the calculated κ values for the ensemble of wildfire plumes sampled, with the exception of the Yosemite Rim Fire, which is discussed in more detail below. This ensemble represents only the plumes sampled during the SEAC 4 RS study and certainly represents various burn conditions and atmospheric ages. The observed κ values are low (ensemble average value = 0.04 AE 0.04), typical of less oxidized organic material and in general agreement with κ values reported previously in the size range studied here for bulk biomass burning aerosol in laboratory settings [Dusek et al., 2011; Martin et al., 2013; Petters et al., 2009; Wonaschuetz et al., 2013] and field observations [Lathem et al., 2013; Wonaschuetz et al., 2013] . We see little variation in κ as a function of particle size over the range of BC core sizes for which we can extract hygroscopicity information (2-12 fg or 130-230 nm VED, shown in Figure S1 ). Several studies [Martin et al., 2013; Petters et al., 2009] have reported a more hygroscopic mode at particle sizes <100 nm; however, the present results cannot speak to this finding as we are only effectively probing total particle sizes from 350 to 500 nm diameter, a much more restricted range than examined previously for bulk aerosol.
As stated in Schwarz et al. [2015] , the uncertainty in κ determined with the HD-SP2 system is typically dominated by uncertainty in the dry coating thickness and the refractive index of the coating, with larger uncertainties associated with larger κ values. For plumes presented here, which had uniformly thick coatings, low hygroscopic growth, and for which we have a reasonable estimate of the real part of the coating refractive index, these uncertainties are relatively small and the uncertainty in κ is, instead, dominated by our ability to accurately relate scattering amplitudes in the wet instrument to that in the dry. As discussed above, this uncertainty is assessed at AE2.5%, corresponding to an uncertainty in κ of~(AE0.04).
When considering water uptake by aerosol, it is also useful to examine the critical supersaturation, defined as the minimum supersaturation (s), with respect to water, at which a particle will fail to equilibrate, instead growing without limit and thus serving as an effective cloud condensation nucleus (CCN). Using equation 6 from Petters and Kreidenweis [2007] and following the treatment in McMeeking et al.
[2011], we have calculated critical supersaturations, for representative wildfiregenerated BC particles as a function of the κ of the coating material (shown in Figure 5 ). Calculations were performed 
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for 170 nm BC cores (near the center of the wildfire BC mass distribution) with the observed 100 nm of coating and for 80 nm BC cores (near the center of the wildfire BC number distribution) with 50, 100, and 150 nm coating thickness.
For a 170 nm BC core with 100 nm coating thickness, the particle is an active CCN at a supersaturation of 0.2% (a commonly used threshold for CCN activity) if the κ of the coating material is higher than 0.007. Thus, the majority of the accumulation mode BC mass was contained in particles that were CCN active at s = 0.2% in 85% of the plumes sampled here. For an 80 nm core, the minimum coating material κ required to activate at 0.2% supersaturation is 0.005, 0.02, and 0.08 for 150, 100, and 50 nm coating thicknesses, respectively. Thus, most of the accumulation mode BC number was contained in particles that were CCN active at s = 0.2% in most plumes (70% for the 100 nm case and 85% for the 150 nm case) if smaller BC is at least as thickly coated as larger BC. This finding is largely due to the presence of thick coatings on BC cores, which increases the total particle size substantially, bringing most of the BC-containing particles into a size range where they act as efficient CCN even though they are not very hygroscopic. Results presented here are in broad agreement with observations reported by Hersey et al. [2013] for a biomass burning plume sampled during the CalNex study of 2010 and likely indicates that biomass burning BC will be removed relatively efficiently via wet processing.
Temporal Evolution Observed in the Yosemite Rim Fire
The flights of 26 and 27 August were focused on tracking the Yosemite Rim Fire downwind from the source in a semi-Lagrangian manner and have been described in several recent manuscripts [Forrister et al., 2015; Saide et al., 2015] . We sampled air that was emitted over the course of 2 days, and we assume that the available fuel and the large-scale burn conditions were not highly variable over that time. Back trajectories were run for each wildfire data point using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory model [Draxier and Hess, 1998; Stein et al., 2015] with the North American Regional Reanalysis. Transport times were extracted for all trajectories that passed within 160 km of the Rim Fire extent. Data points were excluded from the aging analysis if back trajectories indicated passage near another significant fire or if in situ data indicated a substantially different plume composition (typically indicated by acetonitrile concentrations, extent of OA oxidation as indicated by the AMS and/or dramatic shifts in BC microphysical tracer properties). As discussed in Forrister et al. [2015] , back trajectories for the 8/27 flight are somewhat ambiguous as to whether they are most recently impacted by the Yosemite Rim Fire or the Elk Creek Complex fire. Chemical tracers indicate similar plume composition between the end of the 8/26 flight and the beginning of the 8/27 flight; however, it is possible that the 8/27 flight sampled a mixture of the two fires. In the Forrister work the authors calculate back trajectories to both fires and present chemical evolution for both sets of ages in parallel. Here for simplicity, we present back trajectory ages to the Yosemite Rim Fire (which span plume ages from 1 to~40 h) with the understanding that there may have been some more recent injections of fresh smoke. Note that due to data quality issues arising under extremely high particle loads, the earliest estimated time for which we were able to extract BC hygroscopicity information is~4 h from the time of emission. Figure 6 shows histograms of κ values observed in the Rim Fire for fresh (indicating a back trajectory age of < =24 h) and "aged" (indicating a time since emission of >24 h). These two histograms demonstrate the effects of atmospheric processing on observed BC-specific κ values with κ increasing over time. Note that the range of observed κ values in the Yosemite Rim Fire plume is similar to the range observed for our pseudo statistical sampling of various wildfires presented above, indicating that different aging processes occurring after the first hours and through the first few days since emission can account for most of the observed variability between plumes. It also indicates that for the set of plumes studied here, variability in BC-containing aerosol κ values resulting from different fuel types and burn conditions was no larger than that introduced by atmospheric processing.
The potential aging pathways for BCcontaining aerosol in wildfire plumes include evaporation of primary organic aerosol, direct or postoxidation deposition of inorganic and organic species from the gas phase, chemical processing of existing coating materials in the particle phase, and coagulation with other aerosol particles that may be aging simultaneously. Figure 7 (top) shows the temporal evolution of coating thickness as a function of estimated time since emission. Although the variability of coating thickness in the various biomass burning plumes sampled is small compared to the variability between biomass burning BC and other sources, there is a detectable upward trend in coating thickness with time since emission, at least over the first 2 days of aging. The observed coating thickness increase is~20 nm in 40 h (corresponding to a 35% increase in total particle volume). This increase suggests that a combination of coagulation and continued deposition of inorganic and organic gas phase precursors presents in biomass burning plumes as they are oxidized to less volatile daughter products, as well as transfer of semivolatile species via the gas phase [Marcolli et al., 2004] , exceeded evaporation induced by dilution. We note that this finding does not contradict studies which find a lack of net secondary organic aerosol formation for most BB plumes [Cubison et al., 2011; Forrister et al., 2015; Jolleys et al., 2012] , since BC-containing particles are only a small percentage of the total particle population. An increase in the calculated BC-specific κ value (shown in Figure 7 , bottom) is also observed with increasing plume age, corresponding to a κ increase of 0.06 over 40 h. The trends in both coating thickness and BC-specific κ are fit well with simple exponential curves. Though small changes in refractive index (AE0.02) were observed by DASH-SP over the plume evolution, these shifts are too small to substantially affect the reported trends in either calculated coating thickness or, in turn, BC-specific kappa value.
Shown for comparison are calculated κ values for the bulk aerosol based on reported AMS mass fractions using the Zdanovskii-Stokes-Robinson mixing rule [Petters and Kreidenweis, 2007] . This comparison is potentially informative as to the chemical mechanism driving the observed change in κ. The bulk aerosol mass fractions of the ionic species used in this calculation are shown in Figure 8 (top), and the balance was organic aerosol mass. Ammonium balanced sulfate and nitrate on a molar basis at all times (sometimes with a slight excess of ammonium that can be explained by the presence of small concentrations of organic acid salts), so we assume that all of the NO 3 is present in the form of ammonium nitrate (NH 4 NO 3 ) and all of the SO 4 is Figure 7 . Temporal evolution in the Yosemite Rim Fire plume of (top) coating thickness on 4-6 fg BC cores and (bottom) BC-specific κ values calculated for 4-6 fg BC cores (blue) and κ values calculated for bulk aerosol based on AMS measurements assuming κ = 0 for organic materials (in green) and assuming κ = 0.07 for organic materials (in red). Dashed lines show exponential fits to the data. [Rickards et al., 2013; Suda et al., 2014] . Here we first assume κ = 0 for organics such that the calculated bulk aerosol hygroscopicity shown is the minimum possible bulk aerosol κ value. The trend in calculated bulk κ is offset from but shows a similar net increase to that observed by the HD-SP2 for BCcontaining aerosol. The magnitude of the offset is 0.04 assuming an organic κ of 0, the minimum possible calculated bulk κ. If, instead, we assume an organic κ of 0.07 as reported by Shingler et al. [2016a] , which falls in the middle of the published range, the offset increases to 0.12. This offset is likely sufficiently large to imply initial differences in chemical composition between bulk aerosol and materials internally mixed with BC (again, a minor fraction of total particles) in biomass burning plumes.
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The magnitude of the increase in κ values, on the other hand, is remarkably similar between bulk aerosol and BC-containing aerosol (0.055 and 0.065 respectively over the plume ages sampled), consistent with similar processing mechanisms for the two populations, regardless of the organic κ value assumed. In the bulk aerosol, we see that NO 3 is the dominant ionic component by mass early in the plume but does not change substantially over time. The observed increases in NH 4 and SO 4 are roughly in molar balance and are equivalent to an 8% increase in the mass fraction of ammonium sulfate over the plume ages studied. All other things being equal, this incorporation of ammonium sulfate would lead to an increase of 0.042 in the bulk aerosol κ, which explains approximately two thirds of the observed κ increase in both bulk aerosol and BC-containing particles. Figure 8 (bottom) shows the temporal evolution of the H:C and O:C ratios reported by the AMS, which indicate the level of oxidation of the bulk aerosol. More oxidized organic aerosol is known to be generally more hygroscopic [Chang et al., 2010; Jimenez et al., 2009; Lambe et al., 2013; Suda et al., 2014] which likely explains the remainder of the observed increase in κ values for both the bulk aerosol and for BC-containing particles. The observed BC-specific κ value increase is fit well with a simple exponential curve corresponding to a transition from an initial κ of 0 to a final κ of 0.09 with an e-folding time of 29 h.
Conclusions
Water uptake by BC-containing aerosol has been quantified in wildfire plumes detected over the continental U.S. during the summer of 2013. We find that wildfire-generated BC is uniformly thickly coated and only weakly hygroscopic with an ensemble average BC-specific κ value of 0.04 (AE0.04) over the wildfire plumes sampled. Calculations indicate that for the vast majority (85%) of these plumes, most of the mass of BC emitted is CCN active at 0.2% supersaturation. The Yosemite Rim Fire was tracked in a semi-Lagrangian manner for plume ages spanning from 1 to 40 h. Over that time, BC coating thickness is observed to increase slightly (from 90 nm to 110 nm for 4-6 fg BC cores) and the BC-specific κ value increases by 0.06. A similar increase in κ is calculated from AMS measurements of aerosol composition, likely indicating similar chemical evolution between the two populations. Using observed changes in aerosol composition, we attribute two thirds of the observed κ increase to incorporation of ammonium sulfate and we hypothesize that the balance Figure 8 . Temporal evolution in the Yosemite Rim Fire plume of (top) the AMS SO 4 (red), NH 4 (orange), and NO 3 (blue) mass fractions and (bottom) the AMS f44 (green) and f60 (yellow) atomic ratios of OA.
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of the increase is driven by increased oxidation of organic aerosol components and/or incorporation of oxidized organics from the gas phase. These findings provide unique, direct constraints on the behavior and evolution of BC-containing aerosol arising from wildfire plumes, a globally important source of BC aerosol, which improve our mechanistic understanding of the processes governing the lifetime and removal of BC aerosol in the atmosphere.
